WRKY transcription factors play important roles in response to diverse environmental stresses, but exact functions of these proteins in poplar defense are still largely unknown. In a previous study, we have shown that poplar WRKY89 is induced by salicylic acid (SA) treatment and plays an important role in resistance against fungi in transgenic poplars. Here, we determined an increase in transcript levels of Group IIa WRKY members in transgenic poplars overexpressing WRKY89 using quantitative real-time polymerase chain reaction analysis. Yeast one-hybrid assay showed that PtrWRKY18 and PtrWRKY35 were potential target genes of WRKY89. Furthermore, we demonstrated that PtrWRKY18 and PtrWRKY35 were localized in the nucleus, and exhibited no transcription activation activity. Constitutive overexpression of PtrWRKY18 and PtrWRKY35 in poplars activated pathogenesisrelated genes, and increased resistance to the biotrophic pathogen Melampsora. The results also provided support for the involvement of SA-mediated signaling in Melampsora resistance.
Introduction
Plants have evolved to orchestrate phytohormone-mediated pathways to modulate the defense processes against various pathogens (Lamb and Dixon 1997 , Dong 1998 , Pieterse et al. 2009 ). Among these signaling pathways, the salicylic acid (SA)-mediated pathway is vital (Klessig and Malamy 1994) . For instance, transgenic Arabidopsis thaliana and tobacco expressing the bacterial enzyme salicylate hydroxylase did not accumulate SA, failed to induce systemic-acquired resistance and thus exhibited increased susceptibility to fungal, viral and bacterial pathogens (Delaney et al. 1994) . The biosynthesis of SA is mainly catalyzed by ISOCHORISMATE SYNTHASE 1 (ICS1) (Mauch et al. 2001) . SA interacts with SA-binding protein, which converts H 2 O 2 to H 2 O as well as O 2 , and inhibits its enzymatic activity (Chen et al. 1993 , Baker and Orlandi 1995 , Lamb and Dixon 1997 , Klessig et al. 2000 . The elevated content of H 2 O 2 changes cellular redox potential and then the inactive oligomeric NONEXPRESSOR OF PR1 (NPR1) deoligomerizes to its active monomers, which are then translocated into the nucleus where they interact with the TGA transcription factors to activate SAresponsive genes (Dong 2004, Loake and Grant 2007) , including a set of transcription factors that up-regulate defense-related genes, down-regulate SA biosynthesis genes and orchestrate the interactions with other signaling pathways.
Many SA-responsive transcription factors, such as MYB , TCP, TGA and WRKY family members, have been identified in higher plants (Dong 2004 , Loake and Grant 2007 , Pandey and Somssich 2009 , Shim et al. 2013 . Among them, the WRKY transcription factors were considered to be mainly involved in the response of abiotic and biotic stresses in plants (Eulgem et al. 2000 , Jiang and Deyholos 2009 , Pandey and Somssich 2009 , Gong et al. 2015 , Sarris et al. 2015 . For example, AtWRKY54 and AtWRKY70 played roles as repressors of the ICS1 gene and inhibited the excessive accumulation of SA in Arabidopsis , while AtWRKY28 and AtWRKY46 were demonstrated as transcriptional activators of ICS1 and PBS3, which were related to SA and SA-glucoside biosynthesis, respectively (van Verk et al. 2011) . On the other hand, many WRKY proteins were associated with signaling transduction downstream of NPR1. For example, NPR1-dependent AtWRKY38 and AtWRKY62, induced by SA in Arabidopsis, played negative roles in plant defense (Kim et al. 2008 ). AtWRKY18, AtWRKY40 and AtWRKY60 were demonstrated to interact with each other to regulate defense pathways via changing the DNA binding activity of their homodimers or heterodimers (Xu et al. 2006 ). AtWRKY70 could up-regulate the expression of pathogenesis-related genes (PRs) via both NPR1-dependent and -independent pathways (Li et al. 2004 , Shim et al. 2013 ). The expression of AtWRKY70 was dependent on NPR1 and defect of NPR1 in Arabidopsis resulted in reduction of mRNA accumulation of AtWRKY70 (Li et al. 2004 , Shim et al. 2013 . Furthermore, AtMYB44 was demonstrated to be upstream of AtWRKY70 in Arabidopsis and the atmyb44 mutant showed postponed expression of AtWRKY70 compared with the wild-type (WT) (Shim et al. 2013 ). In addition, WRKY transcription factors also modulated the antagonism of SA and jasmonic acid (JA) signaling pathways. AtWRKY70 is the activator of SA-responsive genes and a suppressor of the JA pathway. Overexpression of AtWRKY70 could elevate the mRNA level of AtWRKY60 in transgenic Arabidopsis, and resulted in enhanced resistance to biotrophic and hemibiotrophic pathogens but elevated susceptibility to necrotrophic fungi pathogens, suggesting that AtWRKY70 might regulate AtWRKY60 expression (Li et al. 2004) .
Poplar (Populus spp.) is an important woody plant species worldwide, and has suffered from the invasion of a variety of pathogens due to large adult scales and long life spans. However, the defense mechanisms against pathogen infection in poplar remain largely unclear. In the genome of Black Cottonwood (Populus trichocarpa Torr. & A. Gray), at least 100 WRKY genes were predicted and most of them responded to abiotic and biotic stresses . Some of the poplar WRKY genes, including PtWRKY23, PtrWRKY40, PtoWRKY60 and PtrWRKY73, have been demonstrated to be involved in plant defense (Levée et al. 2009 . However, the regulatory roles of these WRKY transcription factors in responses to environmental stress stimuli in woody plants are still unknown.
In a previous study, we demonstrated that poplar WRKY89 was induced by SA treatments and played an important role in resistance against fungi by upregulating the expression of PR genes in transgenic poplar plants . Here, we further determined the expression levels of many WRKY family genes in transgenic plants and found that a few of the Group IIa members, including WRKY18, WRKY35, WRKY40, WRKY60 and WRKY77, were activated by WRKY89. Computational analysis of promoter sequences identified several putative WRKY factor binding sites (W boxes) distributed in the promoter regions of these WRKY genes, suggesting that WRKY89 might modulate their expression. Yeast one-hybrid assays revealed that poplar WRKY18 and WRKY35 were potential target genes of WRKY89. Furthermore, overexpression of PtrWRKY18 and PtrWRKY35 in poplars resulted in enhanced resistance to the pathogen Melampsora accompanied by elevated expression of PR genes in transgenic plants. These results indicated that PtrWRKY18 and PtrWRKY35 play important roles in defense against pathogens, especially fungi, in Populus.
Materials and methods

Plant material and treatments
Plant material and growth conditions of P. trichocarpa Torr. & A. Gray and Populus tomentosa Carr. (clone 741) (Chinese white poplar) were described previously (Jiang et al. , 2016 .
Treatments and pathogen inoculation
The treatments with SA (5 mM in water) and methyl jasmonate (MeJA) [1 mM in 0.1% (v/v) ethanol] were as described in Jiang et al. (2014) . Abscisic acid (ABA) concentration was 100 μM. The leaves used for hormone treatments, pathogen infection and quantitative real-time polymerase chain reaction (qRT-PCR) analysis were selected from the second and third internodes of 3-month-old poplars. Fungal (Melampsora) inoculation of Populus were performed as described previously (Boyle et al. 2005 , Levée et al. 2009 ), with spore suspension of~5000 cfu μl -1 .
Agrobacterium-mediated transformation of poplar plants was performed according to previous description (Jia et al. 2010) . Transgenic poplars were selected on woody plant medium supplemented with 9 mg l -1 hygromycin. All putative transformants were further confirmed by PCR analysis.
GUS and DAB staining
GUS staining was performed as described previously ) and 3,3′-diaminobenzidine (DAB) staining was performed as described previously (Alvarez et al. 1998 ).
Isolation of the promoter fragments of PtrWRKY18 and PtrWRKY35
The promoter fragments of WRKY18 and WRKY35 were amplified with specific primers designed based on the genome sequence of P. trichocarpa (see Table S1 available as Supplementary Data at Tree Physiology Online). The PCR were performed using PrimerSTAR HS DNA Polymerase (TaKaRa, Dalian, China) in a total volume of 50 μl with the PCR conditions as follows: 98°C for 3 min; 32 cycles of 98°C for 30 s, 60°C for 30 s and 72°C for 2 min, followed by a final extension of 72°C for 10 min. The fragments were ligated onto pCXGUS-P vector to drive the expression of GUS reporter gene. The resulting construct was transferred into Agrobacterium tumefaciens by the freeze-thaw method as described previously (Jia et al. 2010 ).
Cloning of PtrWRKY18 and PtrWRKY35
Based on the poplar genome sequence released in Phytozome (http://www.phytozome.net/poplar), the specific primers of WRKY18 and WRKY35 were designed as shown in Table S1 available as Supplementary Data at Tree Physiology Online. The predicted fragments were amplified by PCR using PrimerSTAR HS DNA Polymerase (TaKaRa) in a total volume of 50 μl with the following amplification conditions: 98°C for 3 min; 32 cycles of 98°C for 30 s, 56°C for 30 s and 72°C for 2 min, followed by a final extension of 72°C for 10 min. The PCR fragments were subsequently ligated into the pCXSN vector to generate overexpression constructs. In addition, the amplified fragments of PtrWRKY18 and PtrWRKY35 were inserted into pCXDG for subcellular localization.
Yeast hybrid assays
The amplified fragments of WRKY18 and WRKY35 were ligated into pGBKT7/pGADT7 for yeast two-hybrid (Y2H) assays. The DNA fragments with W boxes from the promoters of PtrWRKY18 and PtrWRKY35 were obtained via overlap PCR with gene-specific primers described in Table S1 available as Supplementary Data at Tree Physiology Online. The PCR product was ligated into pAbAi vector for yeast one-hybrid (Y1H) assays. Y1H and Y2H assays were performed as instructed in the manual of Matchmaker™ Gold (TaKaRa). For Y2H assays, transformants were selected on SD/-Leu/-Trp plates and interactions were tested on SD/-Leu/-Trp/-His plates supplemented with 15 mM 3-amino-1,2,4,-triazole. For Y1H assays, transformants were first selected on SD medium lacking leucine and uracil and then transferred to SD medium containing 1 mg l -1 aureobasidin A (AbA) to detect interactions.
DNA and RNA extraction
Genomic DNA of plant materials was extracted by the CTAB method as described by Jia et al. (2010) . Total RNA was extracted from plant tissues by RNA RNeasy Plant Mini Kit (Qiagen, Chongqing, China) and then treated with RNase-free DNase (TaKaRa) to avoid genomic DNA contamination.
Quantitative RT-PCR and semi-quantitative RT-PCR
First-strand cDNA was generated from 2 μl RNA with RT-AMV reverse transcriptase (TaKaRa) in a total volume of 20 μl with oligo (dT)18 at 42°C for 30 min. Semi-quantitative-RT-PCR was performed as described previously . Quantitative RT-PCR analysis was conducted in a total volume of 25 μl containing 12.5 μl of SYBR Premix ExTaq TM (TaKaRa), 0.5 μl of each primer, 1 μl cDNA and 10.5 μl nuclease-free water. Relative gene transcript abundance was calculated using a ΔCt method compared with the control. Arabidopsis UBC and poplar 18 S genes were used as internal controls. The gene-specific primers used for qRT-PCR and semi-quantitative RT-PCR assays are shown in Table S1 available as Supplementary Data at Tree Physiology Online.
Subcellular localization
Subcellular localization assays were performed as described previously (Tian et al. 2013 ). The resulting vector was induced into onion epidermal cells by Gene Gun (GJ-1000, SCIENTZ, Chongqing, China). The onion skin was stained with DAPI, and photographed under a fluorescent microscope (Olympus BX53, Chongqing, China).
Comparison of amino acid sequences and phylogenetic analysis
The alignments of amino acid sequences of WRKY genes were performed using Clustal X 1.81 (http://www.clustal.org/) (Thompson et al. 1994 (Thompson et al. , 1997 . Phylogenetic trees were constructed through the neighbor-joining (NJ) method using MEGA4.1 (http://www. megasoftware.net/mega.html) (Tamura et al. 2007 ).
Generation of poplar WRKY mutants by the CRISPR/Cas9 system
The nucleotide sequences of WRKY18 and WRKY35 were input in the online tool ZiFiT Targeter Version 4.2 (http://zifit.partners. org/ZiFiT/Introduction.aspx) (Sander et al. 2010 ) to predict CRISPR/Cas9 target sites. Three putative target sites were selected for designing sgRNA sequences. The sgRNA cassettes driven by AtU3b, AtU3d, AtU6-1 and AtU6-29 were inserted into the binary pYLCRIPSR/Cas9 multiplex genome targeting vector system based on the Golden Gate Cloning method (Engler et al. 2009 , Fan et al. 2015 . The pYLCRIPSR/Cas9 vectors were introduced into P. tomentosa using A. tumefaciens-mediated leaf disc transformation method as described by Jia et al. (2010) .
Prediction of W boxes in the promoters of poplar WRKY genes
The prediction of W boxes in the 1500 bp promoter fragments of PtrWRKY18 and PtrWRKY35 were performed by the program PlantCARE online (http://bioinformatics.psb.ugent.be/webtools/ plantcare/html/).
Results
Overexpression of WRKY89 activated WRKY18 and WRKY35 in transgenic poplars
In Arabidopsis, overexpression of AtWRKY70 led to an elevated expression level of AtWRKY60 3.6-fold higher than WT plants (Li et al. 2004) , implying that AtWRKY70 positively modulated AtWRKY60. We have previously demonstrated that overexpression of poplar WRKY89, the poplar ortholog of AtWRKY70, enhanced resistance to Dothiorella gregaria Sacc., coupled with increased expression of PR genes in P. tomentosa . In order to investigate whether
Tree Physiology Online at http://www.treephys.oxfordjournals.org WRKY89 also could activate expression of other WRKY genes in transgenic poplar lines with high expression (Figure 1a ), transcript accumulation of five poplar homologs (WRKY18, WRKY35, WRKY40, WRKY60 and WRKY77) of AtWRKY60 was determined by qRT-PCR. As shown in Figure 1b , the expression levels of WRKY18, WRKY35 and WRKY77 in transgenic poplars overexpressing WRKY89 were significantly (P < 0.05) higher than those in WT. WRKY60 showed slightly decreased mRNA accumulation in transgenic plants compared with WT, but the difference was not significant. The expression levels of WRKY40 displayed no differences between transgenic lines and WT. In addition, phylogenetic analysis showed that WRKY18/WRKY35 and WRKY40/WRKY77 form a duplicated pair with high similarity in amino acid sequence (Figure 1b) . These results indicated that the expression of WRKY18 and WRKY35 might be positively modulated by WRKY89 in poplar.
WRKY18 and WRKY35 might be regulated directly by WRKY89 via the W boxes in their promoters
To determine whether WRKY18 and WRKY35 were direct targets of WRKY89 in poplar, we analyzed cis-elements in their promoter regions. The results showed that four and three putative WRKY protein binding sites (W boxes) were distributed on the 1500-bp length promoter fragments of PtrWRKY18 and PtrWRKY35, respectively (Figure 2a ). To confirm whether WRKY89 was able to bind to these W boxes, the promoter regions of PtrWRKY18 and PtrWRKY35 were isolated and ligated into pAbAi vector, respectively. Transformants carrying W18-W box plus AD-W89 or W35-W box plus AD-W89 grew well on both the selective medium lacking uracil and leucine as well as the medium containing AbA, whereas the growth of yeast cells containing W18-W box + AD or W35-W box + AD was inhibited when transferred onto medium containing AbA (Figure 2a) . These results suggested that WRKY89 may directly regulate the expressions of PtrWRKY18 and PtrWRKY35 by binding to the W boxes on their promoters.
Alignment of amino acid sequences of poplar PtrWRKY18 and PtrWRKY35
As shown in Figure 3 , sequence analysis revealed that the deduced amino acid sequences of both PtrWRKY18 and PtrWRKY35 contained one WRKY domain in the C-terminus and the putative leucin zipper motif in the N-terminus. Only one nuclear localization signal (NLS) was found in the WRKY domain of PtrWRKY18 and three NLS signals in the coding sequences (CDSs) of PtrWRKY35. Compared with other WRKY proteins, PtrWRKY18 had high identity with PtrWRKY35 (96.86%) and lower similarity with Arabidopsis AtWRKY18, AtWRKY40 and AtWRKY60 (Figure 3 ).
Subcellular localization of PtrWRKY18 and PtrWRKY35
To verify their subcellular location, CDSs of PtrWRKY18 and PtrWRKY35 were fused to green fluorescent protein (GFP) under the control of the cauliflower mosaic virus (CaMV) 35S promoter to generate the constructs 35S:GFP:PtrWRKY18 and 35S:GFP: PtrWRKY35, respectively. The resulting constructs were introduced into onion epidermal cells via Agrobacterium-mediated transformation. As shown in Figure 4 , the GFP:PtrWRKY18 and GFP:PtrWRKY35 proteins were localized in the nucleus, with the majority of GFP signal detected in the nucleus, while green fluorescence was detected in both the nucleus and cytoplasm when the 35S:GFP vector was introduced as a control (Figure 4 ). These results indicated that PtrWRKY18 and PtrWRKY35 specifically localize to the nucleus.
Transcription activity and interaction of PtrWRKY18 and PtrWRKY35
In order to determine transcription activity of PtrWRKY18 and PtrWRKY35, the CDSs of PtrWRKY18 and PtrWRKY35 were The expression levels of Group IIa members, including WRKY18, WRKY35, WRKY40, WRKY60 and WRKY77, in transgenic plants overexpressing PtrWRKY89. The phylogenetic tree showed the relationships among these WRKY genes. Significance was determined by Student's t-test, **P < 0.01, *P < 0.05.
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inserted into pGBKT7 vector to fuse with the binding domain (BD) of GAL4, respectively. The resulting constructs BDPtrWRKY18 and BD-PtrWRKY35 were introduced into yeast strain Y2H Gold. As shown in Figure 5a , all the transformants containing BD-PtrWRKY18, BD-PtrWRKY35 constructs and empty vector grew well on the SD −1 medium (without tryptophan). However, transformants expressing BD-PtrWRKY18, BD-PtrWRKY35 or BD protein alone were inhibited on the SD −3 medium (lacking tryptophan, histidine and adenine), while yeast cells containing BDAtWRKY70, which was used as a positive control, grew well on the SD −3 medium and showed blue color on the medium containing X-α-Gal. These results indicated that PtrWRKY18 and PtrWRKY35 have no transcription activation activity. The putative leucine zipper regions of PtrWRKY18 and PtrWRKY35 implied that they might interact with each other to form homodimers or heterodimers. In order to demonstrate the interaction of PtrWRKY18 and PtrWRKY35, we also constructed pGADT7-PtrWRKY18 and pGADT7-PtrWRKY35 vectors (ADPtrWRKY18 and AD-PtrWRKY35) for Y2H assay. As shown in Figure 5b , all the combinations grew well on the SD -2 medium (without tryptophan and leucine), indicating that the constructs were introduced into the yeast cells successfully, but only the ). The combinations W18-W box/AD and W35-W box/AD were performed as negative controls. Figure 3 . Sequence alignments of PtrWRKY18, PtrWRKY35, AtWRKY18, AtWRKY40 and AtWRKY60. Amino acids identical in these proteins are in black and similar in gray. The WRKY domain at the C-terminus and the leucine zipper region at the N-terminus of these sequences are highlighted by gray lines. Nuclear location signal is in gray frames.
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The WRKY transcription factors PtrWRKY18 and PtrWRKY35 promote Melampsora resistance in Populus 669 positive control (AD-T/BD-53) displayed normal growth on the SD −4 (lacking tryptophan, leucine, histidine and adenine) selective medium. These results indicated that there was no interaction between PtrWRKY18 and PtrWRKY35.
Expression patterns of PtrWRKY18 and PtrWRKY35
To reveal the expression patterns of PtrWRKY18 and PtrWRKY35, the promoter fragments were cloned and ligated into pCXGUS-P vector to drive the GUS (β-glucuronidase) reporter gene. The constructs were introduced into P. tomentosa. Transgenic poplars were divided into different tissues to detect GUS activity via histochemical staining. As shown in Figure 6a , the poplars containing ProPtrWRKY18:GUS construct showed little GUS signal in the old leaves, while strong expression of GUS was observed in the sprout, the veins of young leaves and young stems. Additionally, slight GUS staining was detected in the roots, petioles and old stems. The GUS signal in transgenic poplars expressing ProPtrWRKY35:GUS was detected only in old stems and young stems, but not in other tissues (Figure 6b ). Our previous study showed that PtrWRKY18 and PtrWRKY35 were induced by various phytohormones and stresses . Here, transgenic poplars containing either ProPtrWRKY18: GUS or ProPtrWRKY35:GUS constructs were treated with SA, MeJA and ABA. As shown in Figure 6c , GUS expression was induced by SA and MeJA in transgenic poplars carrying ProPtrWRKY18:GUS or ProPtrWRKY35:GUS, but not by ABA treatment. After inoculation with Melampsora, which has been demonstrated to be the cause of poplar leaf rust (Levée et al. 2009 ), the expression of the GUS gene driven by the PtrWRKY18 and PtrWRKY35 promoters was also significantly (P < 0.01) induced (Figure 6d ).
Overexpression of PtrWRKY18 and PtrWRKY35 in P. tomentosa increased resistance to Melampsora infection
To characterize the functions of poplar WRKY18 and WRKY35 in defense, the constructs carrying PtrWRKY18 and PtrWRKY35 driven by constitutive CaMV 35S promoter were introduced into P. tomentosa. The transgenic poplar plants displayed no significant difference in phenotype compared with WT (see Figure S1 available as Supplementary Data at Tree Physiology Online). Expression levels of PtrWRKY18 and PtrWRKY35 were determined in transgenic poplars via qRT-PCR (see Figure S1 available as Supplementary Data at Tree Physiology Online). Transgenic lines with high expression levels of the transgenes PtrWRKY18-L9 (W18-OE) and PtrWRKY35-L15 (W35-OE) were selected for the following experiments. On the other hand, the knockout mutants of WRKY18 and WRKY35 in P. tomentosa were generated by the CRISPR/Cas9 system. As shown in see Figure S2a and 2b available as Supplementary Data at Tree Physiology Online, a genomic DNA sequence between two target sites (T1 and T3) was knocked out in CDSs of WRKY18 and WRKY35 in the mutants (W18-M and W35-M). The phenotype was not obviously different between the mutants (W18-M and W35-M) and WT (see Figure S2c available as Supplementary Data at Tree Physiology Online), but transcript expression levels medium lacking tryptophan, histidine and adenine for transactivation assay. Transformants grown on SD -3 with X-α-Gal are also shown. BDAtWRKY70 represented a positive control and BD (empty vector) was a negative control. (b) These vectors were introduced into the yeast strain Y2H Gold together. All the transformants were screened on the SD -2 medium and then streaked onto SD -4 medium to testify the interactions of these proteins. The AD-T/BD-lam and AD-T/BD-53 were used as negative and positive controls, respectively.
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To determine the functions of poplar WRKY18 and WRKY35 in pathogen defense, transgenic plants were infected with the pathogen Melampsora. Severe disease symptoms appeared on the leaves of WT and WRKY18-or WRKY35-knockout mutants (Figure 7a ), while transgenic plants overexpressing WRKY18 or WRKY35 exhibited no visible disease symptoms after infection with Melampsora (Figure 7a ), suggesting higher resistance to the Melampsora rust. Furthermore, DAB staining also showed that there was no H 2 O 2 accumulation in the leaves of transgenic poplar overexpressing WRKY18 or WRKY35. Additionally, quantification analysis by qRT-PCR also revealed that the WRKY18 and WRKY35 overexpressor lines had significantly fewer Melampsora clones than WT and their knockout mutants (Figure 7b ). Together, these results indicate that the constitutive expression of poplar WRKY18 and WRKY35 in transgenic poplar plants increased resistance against Melampsora.
Overexpression of poplar WRKY18 and WRKY35 up-regulated the expression of PR genes in Populus Overexpression of WRKY18 and WRKY35 in poplars resulted in enhanced resistance to Melampsora, implying that the SAmediated pathway might be strengthened in these transgenic lines compared with WT. As shown in Figure 8a , expression levels of PR1.1, PR1.4 and PR5.1 were up-regulated in transgenic plants overexpressing WRKY18 compared with the WT and WRKY18-knockout mutant. In contrast, the mRNA levels of these PR genes were reduced in WRKY35 overexpressor lines and WRKY35-knockout mutant compared with WT (Figure 8b ). We suspected that the expression activation of the PR genes in WRKY35 overexpressor lines is dependent on the defense signal, such as SA. Therefore, both the overexpressor lines and mutants of WRKY35 were treated with SA for 12 h and then expression levels of the PR genes were determined by qRT-PCR. The results revealed that expression levels of all of the PR genes were up-regulated in the WRKY18 overexpressor lines and most of the PR genes except for PR1.1 were also activated in the Tree Physiology Online at http://www.treephys.oxfordjournals.org WRKY35 overexpressor lines (Figure 8) , suggesting that overexpression of WRKY18 and WRKY35 could enhance the expression levels of PR genes in the presence of SA, resulting in enhanced resistance to Melampsora.
Discussion
Populus is an important woody plant for scientific research and industry. The Populus genome sequence provides a powerful tool to study the functions of genes in woody species. A total of 100 WRKY genes were predicted in the Populus genome and most of these genes were induced by defense-related signals, such as SA and JA . Recently, several poplar WRKY genes were isolated and characterized to be involved in plant defense, but transcription regulation networks of WRKY genes in poplar were still unknown. However, some evidence suggest that WRKY proteins might modulate other members from this family. For instance, W boxes were found in the promoter region of AtWRKY18, a defense-related WRKY family member (Chen and Chen 2002) . A recent study also showed that W box was ubiquitous in the promoters of WRKY genes from P. trichocarpa ). In addition, Li et al. (2004) found that overexpression of AtWRKY70 in Arabidopsis resulted in enhanced mRNA accumulation of AtWRKY60. Overexpression of PtWRKY23, a WRKY member from Populus tremula × P. alba, caused reduction in the expression of PtWRKY70, a homolog of AtWRKY70 in transgenic poplars (Levée et al. 2009 ). These results indicated that WRKY genes may be directly or indirectly regulated by other members of WRKY family. In a previous study, we characterized a SA-inducible WRKY gene PtrWRKY89, a homolog of AtWRKY70, which was able to enhance the SA signaling pathway in transgenic poplars . In the present study, we determined the expression levels of PtrWRKY18, PtrWRKY35, PtrWRKY40, PtrWRKY60 and PtrWRKY77, all of which belonged to Group IIa and were closely related to AtWRKY60, in transgenic poplars overexpressing PtrWRKY89. The results showed that PtrWRKY18, PrWRKY35 and PtrWRKY77 were up-regulated in transgenic poplars compared with WT (Figure 1) . Furthermore, there were several W boxes in the promoters of these genes, and Y1H assay showed that PtrWRKY89 could bind to the W boxes in the promoters of PtrWRKY18 and PtrWRKY35 (Figure 2 ). This is consistent with the findings in AtWRKY18 and AtWRKY70 Chen 2002, Li et al. 2004 ). These results indicated that PtrWRKY18 and PtrWRKY35 might be regulated directly by PtrWRKY89 in poplar.
In Arabidopsis, basic leucine zippers were found in AtWRKY18, AtWRKY40 and AtWRKY60, suggesting that these proteins may form homodimers or heterodimers. Further studies have demonstrated that the formation of different WRKY dimers could affect their DNA binding activity to regulate the expression of target genes (Xu et al. 2006) . Alignments of amino acid sequences showed that a leucine-zipper-like motif was also found at the N-terminal of PtrWRKY18 and PtrWRKY35 (Figure 3) , indicating possible homo-and hetero dimerization of PtrWRKY18 and PtrWRKY35. In order to clarify the interaction of these two proteins, we performed the Y2H assay. However, the results showed that PtrWRKY18 and PtrWRKY35 could neither interact with each other nor with themselves (Figure 5b ), indicating that there are different defense mechanisms in Populus and Arabidopsis. Additionally, although PtrWRKY18 and PtrWRKY35 are homologs of AtWRKY18 and AtWRKY40, low identities of amino acid sequences among these WRKY transcription factors were found (Figure 3) , implying the presence of divergent regulation mechanisms in these two species. Levée et al. (2009) reported that overexpression of PtWRKY23 in poplar resulted in elevated expression level of PtWRKY70 under normal conditions, but the expression was reduced when infested with Melampsora compared with WT, suggesting that some WRKY genes could exert their functions only with the presence of defense-related signals. Therefore, we determined the expression levels of PR genes in these overexpressor lines of PtrWRKY18 or PtrWRKY35 treated with SA. As shown in Figure 8 , PR genes were activated in these overexpressor lines, consistent with the results of inoculation assays, implying that the functions of PtrWRKY18 and PtrWRKY35 might be redundant in poplar defense.
To characterize the functions of poplar WRKY18 and WRKY35 in defense, these genes were constitutively expressed in poplar Tree Physiology Volume 37, 2017 plants and their knockout mutants were generated via the CRISPER/Cas9 system. Transgenic poplar plants overexpressing WRKY18 or WRKY35 were demonstrated to be more resistant to Melampsora than WT (Figure 7) . The knockout mutants (W18-M and W35-M) were also inoculated with Melampsora and displayed slightly more sensitive to the pathogen compared with WT, but the difference was not significant (Figure 7) . Interestingly, no significant difference in the expression levels of PR genes was found in the mutant background (Figure 8 ), which may be due to the partial redundancy with the other WRKY family members. Similar results have been reported in Arabidopsis. For instance, AtWRKY11 and AtWRKY17 acted as negative regulators in a partially redundant manner in plant defense (Journot-Catalino et al. 2006) . Additionally, AtWRKY25 and AtWRKY33 also showed functional redundancy in response to oxidative stress and partial redundancy in regulating salinity stress response (Jiang and Deyholos 2009 ).
In summary, a regulatory scheme was proposed as shown in Figure 9 . A network of WRKY transcription factors is involved in SA-mediated signal transduction pathways in poplar defense. Melampsora rust invades leaf lamina of poplar plants and causes the accumulation of SA. Increased SA content contributes to activating PtrWRKY89, which acts as a positive regulator of SA-induced genes such as PR1 and PR5 (Jiang et al. 2016) . Meanwhile, PtrWRKY18 and PtrWRKY35 are rapidly induced by SA and Melampsora infection. PtrWRKY89 directly binds to the W boxes in the promoters of PtrWRKY18 and PtrWRKY35, resulting in their enhanced expression levels. Overexpression of PtrWRKY18 and PtrWRKY35 in poplar improved resistance to Melampsora infection. The PR genes (PR1.1, PR1.4 and PR5.1) were activated by PtrWRKY18 and PtrWRKY35 in transgenic plants. Therefore, PtrWRKY18 and PtrWRKY35 appear to act downstream of PtrWRKY89 as positive regulators of basal resistance to the fungal pathogen in poplar. Melampsora rust invades leaf lamina of poplar plants and causes the accumulation of SA. Increased SA content contributes to activating the expression of PtrWRKY89. Then the PtrWRKY89 transcription factor directly binds to the W boxes in the promoters of PtrWRKY18 and PtrWRKY35, resulting in their enhanced expression. PtrWRKY18 and PtrWRKY35 further activate PR genes, resulting in enhanced resistance against Melampsora rust in poplar.
